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Summary 
RelB, a member of the NF-KB/Rel family of transcrip- 
tion factors, has been implicated in the constitutive 
expression of KB-regulated genes in lymphoid tissues. 
We have generated mice carrying a germline mutation 
of the relB gene, resulting in the absence of RelB pro- 
tein and a dramatic reduction of constitutive KB- 
binding activity in thymus and spleen. Mice homozy- 
gous for the disrupted relB locus had phenotypic 
abnormalities including multifocal, mixed inflamma- 
tory cell infiltration in several organs, myeloid hyper- 
plasia, splenomegaly due to extramedullary hemato- 
poiesis, and a reduced population of thymic dendritic 
cells. RelB-deficient animals also had an impaired cel- 
lular immunity, as observed in contact sensitivity experi- 
ments. Thus, RelB plays a decisive role in the hemato- 
poietic system, and its absence cannot be functionally 
compensated by any other member of the NF-KB/Rel 
family. 
Introduction 
The relB gene encodes a transcription factor that belongs 
to the family of NF-KB/Rel proteins (Ryseck et al., 1992; 
Dobrzanski et al., 1993), which play an important role in 
the expression of genes involved in immune response or 
acute-phase reactions or both. In addition, these proteins 
bind to some viral regulatory sequences, including the en- 
hancers of human immunodeficiency virus (HIV) and cyto- 
megalovirus (for reviews see Grilli et al., 1993; Baeuerle 
and Henkel, 1994). 
The members of this gene family in mammals are nfkbl 
(encoding p105/p50), nfkb2 (encoding p100/p52), c-rel, 
relA (p65), and relB (for reviews see Grilli et al., 1993; Liou 
and Baltimore, 1993; Baeuerle and Henkel, 1994). The 
members of the NF-~<B/Rel family of transcription factors 
share a conserved region of approximately 300 amino 
acids called the Rel homology domain, with sequences 
important for dimerization, DNA binding, and nuclear lo- 
calization. The NF-~<B/Rel proteins form homo- and het- 
erodimers, and their activities are modulated by interac- 
tion with members of the IKB family. Inactive NF-KB/Rel 
complexes are localized in the cytoplasm. Upon stimula- 
tion of cells with serum factors, antigens, or other stimuli, 
NF-KB/Rel dimers dissociate from the IKB molecules and 
translocate to the nucleus, where they bind to KB sites and 
modulate transcription (for reviews see Beg and Baldwin, 
1993; Gilmore and Morin, 1993). 
Although RelB readily associates with p50 and p52, 
forming potent transcriptional activators, no RelB homodi- 
mers or heterodimers with RelA (p65) and c-Rel have been 
observed in vitro or in vivo (Bours et al., 1992; Ryseck et 
al., 1992; Dobrzanski et al., 1993, 1994). Also, the affinity 
of p50-RelB and, in particular, p52-RelB heterodimers 
for IKBa iS significantly lower than that of the correspond- 
ing p50-RelA and p52-RelA complexes, suggesting the 
existence of two distinct NF-KB/Rel activities involved in 
constitutive and inducible binding to KB sites (Dobrzanski 
et al., 1994). Indeed, recent reports suggest that RelB 
heterodimers play an important role in the constitutive x- 
pression of ~:B-regulated genes in lymphoid tissues (Lern- 
becher et al., 1993, 1994; Weih et al., 1994). This corre- 
lates well with the expression of RelB, which is mainly 
restricted to thymus, spleen, lymph node, and intestine in 
the adult mouse (Carrasco et al., 1993). The other mem- 
bers of the rel family have different patterns of expression, 
suggesting distinct biological roles (Carrasco et al., 1994; 
Weih et al., 1994). In thymus, relB transcripts are confined 
to the medulla, and high levels of RelB are expressed in 
the nucleus of interdigitating dendritic cells (Carrasco et 
al., 1993). In contrast, the cytoplasmic NF-~<B activity com- 
prised of p50-RelA heterodimers can be found in many 
tissues and cells, correlating with a widespread expres- 
sion of nfkbl, relA, and ikba (Weih et al., 1994). 
Despite the detailed biochemical and molecular charac- 
terization of the different NF-KB/Rel complexes, little is 
known about their roles in developing and adult organ- 
isms. To investigate the role of RelB in vivo, we have estab- 
lished a mutant mouse strain carrying a germline mutation 
of the relB locus. RelB-deficient mice have dramatically 
reduced constitutive KB-binding activity in the lymphoid 
tissues examined. The most prominent lesions were a 
multifocal, mixed inflammatory cell infiltration in several 
organs, myeloid hyperplasia, splenomegaly due to extra- 
medullary hematopoiesis, a reduced population of anti- 
gen-presenting dendritic cells in the thymus, and an im- 
paired cellular immunity. These findings indicate that RelB 
function is crucial for the immunopoietic system and that 
it cannot be compensated by any other NF-KB/Rel family 
member. 
Results 
Targeting the Mouse relB Locus and Generation 
of relB -/- Mutant Mice 
After linearization with Xbal, the pPNSrelB targeting vec- 
tor (Figure 1A) was electroporated into D3 embryonic stem 
(ES) cells. The double selection protocol resulted in a 
3-fold enrichment over G418 selection alone. A total of 
186 double-resistant D3 ES cell clones were picked, DNA 
was prepared, and 137 clones were screened by Southern 
blot analysis. The screening strategy is illustrated in Figu re 
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Figure 1. Targeting of the Mouse relB Locus in ES Cells 
(A) The targeting vector for positive-negative selection, pPNSrelB, is 
shown at the top. Thick lines represent r lB genomic sequences; thin 
lines represent bacterial plasmid DNA. Closed boxes indicate exons 
II-VII. The PGK-neo and the PGK-tk cassettes are shown as open 
boxes, with arrows indicating the direction of transcription. Cleavage 
sites for relevant restriction endonucleases are indicated: A, Ascl; B, 
BamHI; H, Hindlll; S, Sacll; X, Xhol; Y, Xbal; Z, Sail. Homologous 
recombination of the targeting vector with wild-type genomic DNA re- 
placed a 0.5 kb fragment of exon IV encoding the beginning of the 
Rel homology domain by the PGK-neo cassette. The targeted allele 
and the lengths of diagnostic restriction fragments used for Southern 
blot analyses are indicated at the bottom. The probe fragments are 
indicated by hatched boxes. 
(B) Analysis of offspring from relB -/÷ heterozygote intercrosses. Tail 
DNA was digested with BamHI and analyzed by Southern blotting with 
probe SM592. The 6.16 kb fragment indicates the recombined allele, 
whereas the 4.86 kb fragment is specific for the wild-type allele. 
(C) RelB was absent in mutant mice, and expression of the other 
NF-KB/Rel family members and IKB~ was not altered. Thymus ex- 
tracts from wild-type (+/+), heterozygous (-/+), and mutant (-/-) ani- 
mals were prepared and analyzed by Western blotting using specific 
antisera. 
(D) The constitutive KB-binding activitywas strongly reduced in thymus 
of RelB-deficient mice. To determine NF-KB/Rel DNA-binding com- 
plexes in thymus of wild-type (+/+), heterozygous (-/+), and mutant 
(-/-) mice, we incubated protein extracts with the KB-binding site of 
HIV and analyzed them by EMSA. Addition of specific antisera gainst 
different NF-KB/Rel family members is indicated at the top. RelB and 
RelA complexes, as well as p50 homodimers, are indicated at the l ft. 
Abbreviation: p.i., preimmune serum. 
vector pPNSrelB discriminated a 6.16 kb BamHI DNA frag- 
ment, specific for the recombined allele, from a 4.86 kb 
DNA fragment, specific for the wild-type relB allele. Re- 
combined clones were further analyzed in Southern blots 
of Hindill-digested DNA hybridized with SM592 (9.7 kb 
recombined and 14.8 kb wild type) as well as Xhol- 
digested DNA hybridized with the neo-specific probe 
PP620, which detects a 10.7 kb DNA fragment (Figure 
1A; data not shown). Three clones contained the desired 
homologous recombination event, resulting in a targeting 
frequency of 1 in 46 double-resistant ES cell clones. 
Chimeric mice were generated by injecting ES cells with 
a targeted isruption of the relB locus into C57BL/6 blasto- 
cysts that were subsequently implanted into pseudopreg- 
nant ICR recipients. Six chimeric males transmitted the 
ES cell-derived agouti coat color and the targeted relB 
gene to their offspring (data not shown). Heterozygous 
mice, designated as re/B -/÷, were phenotypically normal 
and fertile, relB -/÷ hete rozygous animals were intercrossed 
under pathogen-free conditions. The resulting litters were 
normal in size and appeared healthy at the time of birth. 
Genotypic analysis of 273 offspring showed that 78 were 
wild type, 133 were heterozygous, and 62 were homozy- 
gous for the disrupted relB allele (28% :49% :23% ), indicat- 
ing that relB -j- mice can develop to birth. Figure 1 B depicts 
a Southern blot analysis of three litters. 
Dramatic Reduction of the Constitutive KB-Binding 
Activity in re lB  + Mice 
To verify that the targeted relB -/- animals did not express 
functional RelB, we performed a Western blot analysis 
with thymus extracts from relB +/+, relB -/+, and relB -/- mice 
(Figure 1C). The membrane was probed with immunoaffin- 
ity-purified rabbit antiserum specific for the RelB C-ter- 
minus (amino acids 438-530). No RelB could be detected 
in thymus from relB -/- animals, demonstrating that the dis- 
ruption of both relB alleles resulted in a complete loss 
of the protein. Heterozygous relB -/÷ mice displayed gene 
dosage-dependent expression of RelB, indicating that the 
disruption of one relB allele was not compensated by up- 
regulating expression from the remaining wild-type allele. 
We also examined the expression of the other members of 
the NF-u<B/Rel family and IKB(x in wild-type, heterozygous, 
and mutant mice. Figure 1C demonstrates that the expres- 
sion of p50, p52, RelA, c-Rel, and IKB(x was not altered 
in the thymus of relB -j÷ or relB -/- animals. A similar result 
was obtained with spleen extracts (data not shown). 
To examine whether the constitutive ~<B-binding activity 
was affected in relB -/- mice, we analyzed thymus extracts 
in electrophoretic mobility shift assays (EMSAs), using the 
KB site from the long terminal repeat of HIV. In extracts 
from relB ÷/÷ animals, two specific complexes were ob- 
sewed (Figure 1D): the faster-migrating p50-p50 homodi- 
mers and the slower-migrating p50-RelB, p52-RelB, and 
p50-RelA heterodimers (Figure 1D; Weih et al., 1994). 
Anti-RelA antiserum removed only a small fraction of the 
upper part of the heterodimeric KB-binding activity (com- 
pare lanes 1 and 2 in Figure 1D); a further addition of 
anti-RelB antiserum dramatically reduced this complex 
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Table 1. Histopathology Summary of re/B ~- Mice 
Approximate Age 
Organ 1 Day 10 Days 20 Days 40+ Days 
Spleen Unremarkable a Grade 1 extramedullary Grade 2-3 extramedullary 
hematopoiesis hematopoiesis 
Bone marrow Unremarkable a Grade 1 myeloid Grade 2-3 myeloid 
hyperplasia hyperplasia 
Lymph node Unremarkable a Grade 2 lymphoid Grade 3-4 mixed inflammation 
dep!etion with effacement of architecture 
Lung  Unremarkable ~ Grade 2 perivascular Grade 3-4 perivascular mixed 
lymphocytic nfiltrate inflammation with extension into 
adjacent parenchyma; lveolar 
histiocytosis 
L iver  Unremarkable" Grade 2 periportal Grade 3-4 periportal mixed 
mixed infiltrate inflammation with extension into 
periportal hepatocytes; bile 
duct changes 
Grade 3 extramedullary 
hem atopoiesis 
Myeloid hyperplasia similar 
to day 20 
Inflammation similar to 
day 20 
Inflammation similar to 
day 20 
Inflammation similar to 
day 20; amyloidosis 
a Unremarkable as compared with similarly aged relB +~÷ and relB =~÷ mice. 
(compare lanes 2 and 3). Extracts from heterozygous 
relB -~÷ mice showed a decrease of RelB complexes (com- 
pare lanes 2 and 5 in Figure 1 D) while relB -j- animals had 
no RelB-specific binding (compare lane 2 with lanes 8 and 
11). Binding of p50-RelA heterodimers to KB sites was 
not altered in heterozygous relB -~+ and homozygous relB -fl- 
mice (compare lanes 4, 7, and 10 !n Figure 1D). Similar 
alterations in the KB-binding activity were observed in 
spleen extracts (data not shown). These data demonstrate 
that the constitutive heterodimeric KB-binding activity in 
the lymphoid tissues analyzed is dramatically reduced in 
homozygous relB -~- mice and that this functional defect 
is not compensated by other members of the family. 
Myeloid Hyperplasia and Extramedullary 
Hematopoiesis in RelB-Deficient Animals 
Although all m ice homozygous for the disrupted relB allele 
were phenotypically indistinguishable at birth from wild- 
type or heterozygous littermates, 2-6 weeks after birth 
most of the homozygous re/B -j- mice had disheveled ap- 
pearances, hunched postures, and slightly enlarged abdo- 
mens. Progression of the illness was variable, and some 
animals died prematurely or were sacrif iced moribund. We 
also observed severely impaired fertility of mutant re/B -j- 
mice. Histopathological lterations consistently occurred 
in the spleen, bone marrow, lymph nodes, lung, and liver 
of all day 8-10 and older re/B -j- mice kept under pathogen- 
free conditions. No significant change was observed in 
wild-type or heterozygous animals~ A summary is pre- 
sented in Table 1. Interestingly, organs such as brain, 
spinal cord, heart, and kidney from relB -j- animals were 
unremarkable. 
Since RelB is expressed predominantly in lymphoid tis- 
sues (Carrasco et al., 1993; Lernbecher et al., 1994; Weih 
et al., 1994), we initially focused our histopathological ex- 
amination on thymus, spleen, bone marrow, and lymph 
nodes. Mutant re lB  I- mice exhibited a variable degree of 
thymic atrophy upon gross anatomical examination (see 
Figure 6). In contrast, marked splenomegaly (2- to 8-fold 
increase in weight) was a consistent feature in all RelB- 
deficient animals 20 days of age or older. Morphologic 
alterations in the spleen were characterized by a reduction 
of the white pulp and a dramatic increase of the red pulp 
(compare Figures 2A and 2B). Extramedullary hematopoi- 
esis, due to an increase in the number of erythroid precur- 
sors, largely accounted for the changes in the red pulp of 
the spleen from relB -j- mice (Figure 2C). Another consis- 
tent alteration in RelB-deficient mice was myeloid hyper- 
plasia of the bone marrow, initially observed in 10-day-old 
relB -j- animals and prominent by day 20. Myeloid hyper- 
plasia was accompanied by a decrease in erythroid precur- 
sors in the bone marrow (compare Figures 2D and 2E). 
We consistently observed histopathological changes in 
mediastinal, mesenteric, and submandibular lymph nodes 
of 8- to 10-day-old relB -j- animals, a change initially charac- 
terized by a mild lymphoid depletion and a relative in- 
crease in the numbers of macrophages, many of which 
had microvesiculated cytoplasm. The inflammatory re- 
sponse increased over time, extending into adjacent adi- 
pose and surrounding tissues, and was accompanied by 
a prominent neutrophilic omponent (Figure 2F). 
Multiorgan Inflammation in re lB - I -  Mutant Mice 
The lung and liver were the major nonlymphoid organs 
affected by the inflammatory cell infiltrate in all re/B -j- ani- 
mals examined. There was a progressive increase in se- 
verity of the inflammation over time, which frequently re- 
sulted in the effacement of the normal architecture of the 
affected organs. In the lung of 8- to 10-day-old re/B -j- mice, 
prominent changes included alveolar hemorrage and a 
perivascular mononuclear cell infiltrate, mostly of lympho- 
cytes (compare Figures 3A and 3B). The perivascular in- 
flammation extended multifocally into the interstitium and 
adjacent alveoli by day 20 and often resulted in fibrosis 
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Figure2. Histological Analysis of Spleen, 
Bone Marrow, and Lymph Nodes in re~B-;- Mice 
(A and B) The spleen of an adult wild-type 
mouse (A) was unremarkable, whereas the 
spleen of an adult homozygous relB-;- mouse 
(B) was markedly enlarged with a dramatic in- 
crease in the red pulp and a decrease in the 
white pulp. Scale bar, 500 I~m. 
(C) Extramedullary hematopoiesis, character- 
ized by a marked increase in erythroid precur- 
sors, accounts for the increase in the red pulp 
of relB-;- mice. Scale bar, 50 I~m- 
(D and E) Bone marrow of a 20-day-old wild- 
type mouse (D) (unremarkable) and of a 20-day- 
old relB-; mouse (E) with a marked myeloid 
hyperplasia. Scale bar, 50 p~m. 
(F) The architecture of a mesenteric lymph 
node of a mutant rel~; mouse is largely ef- 
faced by a mixed inflammatory infiltrate, Scale 
bar, 100 pro. 
companied by variable numbers of granulocytes and nu- 
merous alveolar macrophages. Many macrophages had 
microvesiculated cytoplasm; others contained nonbire- 
fringent eosinophilic crystalline material or hemosiderin 
pigment. 
The liver of newborn and 5-day-old wild-type, heterozy- 
gous, and homozygous re~B-;- animals had the expected 
moderate extramedullary hematopoiesis in the sinusoids 
and a minimal neutrophilic nfiltrate in the periportal areas. 
By day 10, the extramedullary hematopoiesis and peripor- 
tal neutrophilic infiltrate in wild-type and heterozygous 
relB -;÷ mice had largely disappeared (data not shown). 
In contrast, the periportal mixed inflammatory infiltrate of 
lymphocytes and neutrophils had increased in severity, 
and the extramedullary hematopoiesis remained a promi- 
nent feature in day 10 relB-;- mice (compare Figures 3D 
and 3E). By day 20, extramedullary hematopoiesis in the 
liver had diminished, whereas the periportal inflammatory 
infiltrate increased in severity and extended beyond the 
limiting plate. Changes in the hepatobiliary tree, including 
biliary hyperplasia nd biliary epithelial mucoid metaplasia 
as well as peribiliary and periportal fibrosis, were other 
prominent features observed in 20-day-old relB-;- mice 
(Figure 3F). Amyloid was present in sinusoids of relB-;- 
mice (>40 days) with severe, chronic inflammation (data 
not shown). 
Other tissues of older relB-;- mice that contained a 
marked inflammatory cell infiltrate were the salivary 
glands (9 out of 12), skeletal musculature (6 out of 12), 
and gastrointestinal tract, especially stomach (14 out of 
15) (data not shown). The epididymis of all older relB -~- 
males (>6 weeks of age) contained a prominent inflamma- 
tory cell infiltrate in the interstitium. The ovaries and uterus 
of several older elB-;- females (4 out of 7) also contained 
a prominent neutrophilic infiltrate (data not shown). The 
latter changes could account for the sterility observed in 
RelB-deficient mice. 
Blood Analysis and Serology 
The strongly impaired erythropoiesis in the bone marrow 
and extramedullary hematopoiesis in liver and spleen of 
re~B-;- mice prompted us to examine the peripheral hemo- 
gram. Red blood cell counts, hematocrit, and hemoglobin 
concentration per cell were not affected, indicating that t e 
extramedullary hematopoiesis in the liver and the spleen 
compensated for the impaired erythropoiesis observed in 
the bone marrow of relB-;- mice. However, the myeloid 
hyperplasia was accompanied bya peripheral leukocyto- 
sis in RelB-deficient mice (data not shown). 
The inflammatory cell infiltration observed in the lung 
and liver of relB-;- mutant mice resembled that observed in 
certain murine bacterial or viral diseases. Several criteria, 
including serology, cultures of affected tissues for patho- 
genic organisms, special histologic stains for microorgan- 
isms, and the absence of pathogens in wild-type or hetero- 
zygous littermates and sentinel animals (data not shown), 
indicate that he phenotype observed in homozygous 
relB -~- mice is not caused primarily by common murine 
pathogens. However, we cannot completely rule out the 
possibility of secondary bacterial or viral involvement in 
the development of the mutant phenotype. 
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Figure 3. Histological Analysis of Lung and 
Liver of RelB-Deficient Mice 
(A-C) The lung of a 10-day-old wild-type mouse 
(A) was unremarkable, whereas that of a 10- 
day-old homozygous relB ÷ mouse (B) con- 
tained a lymphoid infiltrate in a perivascular 
(arrow) distribution. By day 20, the lung infil- 
trate in the relB ~ mouse (C) had extended into 
the adjacent parenchyma and was accompa- 
nied by focal consolidation and alveolar histio- 
cytosis. 
(D-F) The liver of a 10-day-old wild-type mouse 
(D) contained minimal extramedullary hema- 
topoiesis, whereas that of a homozygous 
relB F littermate (E) had prominent extramedul- 
lary hematopoiesis in the sinusoids and a 
cellular (predominantly lymphocytic) infiltrate 
among periportal triads (asterisk). The liver of a 
20-day-old re lB  ~ mouse (F) contained a mixed 
inflammatory cell infiltrate accompanied by 
changes in the hepatobiliary tree (asterisk), in- 
cluding biliary hyperplasia and metaplasia, fi- 
brosis, and biliary epithelium containing large 
apical, eosinophilic globules. In all cases, the 
scale bar equals 100 p.m. 
relB Disruption Did Not Result in Impaired 
T and B Cell Development 
RelB is expressed in the medulla of the thymus and in the 
periarterial sheath of the spleen !Carrasco et al., 1993; 
Weih et al., 1994); thus, RelB-deficient mice may show 
alterations in T cell development. Thymus of RelB- 
deficient animals showed no obvious difference in the pro- 
portion of T cell subsets as defined by CD4, CD8, and 
CD3 as well as T cell receptor ~ and 13 chain (TCR~Ih) 
markers (Figure 4A; data not shown). In spleen, we ob- 
served a relative reduction of T and B cells stained with 
anti-Thyl.2 and anti-CD45R/B220 antibodies, respec- 
tively, and a shift in the ratio of B ~o T cells from 1 to 0.64 
in control animals to 1 to 0.35 in re lB  -~- mice (Figure 4B). 
Further analysis of splenocyte preparations using CD3, 
CD4, CDS, and TCR(~J3 as well as immunoglobulin M (IgM) 
and IgD markers did not reveal additional changes in the 
T and B cell compartments (data not shown). Moreover, 
bone marrow cells from re lB  -~- mice had normal surface 
expression and istribution of B220, IgM, and CD43 mole- 
cules (data not shown). We conclude that lymphocyte de- 
velopment is not seriously affected in the absence of RelB. 
RelB-deficient animals with a marked rnyeloid hyperpla- 
sia in the bone marrow (see Figure 2D), however, had a 
relative reduction in the B cell population (data not shown). 
In addition, the number of splenccytes negative for both 
Thyl .2 and B220 but positive for the myeloid markers 
Mac-1 or Gr-1 was clearly increased in RelB-deficient mice 
(Figures 4B and 4C; data not shown). The number of cells 
with low expression of the Gr-1 marker, characteristic of 




Figure 4. Disruption of the r lB Gene Did Not Result in a Gross Impair- 
ment of T and S Cell Development 
Cell suspensions from thymus and spleen of 7-week-old control (+/+) 
and mutant (-/-) mice were isolated and analyzed by flow cytometry 
as described in Experimental Procedures. Representative experi- 
ments are shown. 
(A) Scatter plots of thymocytes stained for CD4 and CD8. 
(B) Expression of Thyl.2 and CD45R/B220 on splenocytes. 
(C) Myeloid ceils labeled with Gr-1 in mutant spleen. 
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Figure 5. Reduced Numbers of Dendritic Cells in RelB-Deficient Mice 
(A) Thymus sections from 6-week-old wild-type (+/+), heterozygous 
(-/+), and mutant (-/-) mice stained with hematoxylin and eosin. Mag- 
nification, 6.25 x. 
(B) Immunohistochemical staining of thymus sections from 6-week-old 
wild-type (+/+) and mutant (-/-) animals with MIDC-8 monoclonal anti- 
body for medullary dendritic cells. Magnification, 50 x. Abbreviations: 
Co, cortex; Me, medulla. 
(C) Immunohistochemical staining of thymus sections from 3-week-old 
wild-type (+/+) and mutant (-/-) animals with M342 monoclonal anti- 
body specific for interdigitating dendritic cells. Magnification, 100 x. 
strongly increased in mutant mice (Figure 4C). This result 
correlates with our histopathological analysis of mutant 
spleen, where we observed a reduction of the white pulp 
and a significant increase in myeloid cells, predominantly 
neutrophils, in the white pulp and (to a lesser extent) also 
in the red pulp (see Figure 2; data not shown). 
Reduced Staining of Dendritic Cells 
in Homozygous re lB -/- Mice 
We previously showed that relB is expressed at low levels 
in the medulla of the thymus of late gestation mouse em- 
bryos. Expression increases trongly after birth, reaching 
a plateau after 6-8 days (Carrasco et al., 1993). Thymic 
atrophy, characterized by a 30% average loss of organ 
weight and a similar reduction in the number of thymo- 
cytes, was observed in relB -/- animals older than 3 weeks; 
the thymic medulla was more affected than the cortex (Fig- 
ure 5A; data not shown). Since high levels of RelB were 
found in the nucleus of bone marrow-derived, antigen- 
presenting dendritic cells (Carrasco et al., 1993), we exam- 
ined whether the dendritic cell population was affected by 
the disruption of the relB locus. Thymus sections were 
stained with two different monoclonal antibodies, MIDC-8 
and M342, both specific for medullary dendritic cells (Breel 
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Figure 6. Impaired DTH Reaction in re/B -l- Mice 
C Inflammatory Infiltrate 
Ctrl. +/+ -/- 
-/- 
(A-C) Mice were either naive (control) r sensitized (+/+ and -/-). 
Control (Ctrl) represents three naive wild-type animals; (+/+) repre- 
sents five wild-type and one heterozygous animal; (-/-) represents 
six relB -/- mice. Values are reported as the mean and standard error. 
(A) Graphic depictions of changes in ear thickness. Baseline ear thick- 
ness was recorded 6 days after sensitization, and then the ears w re 
treated epicutaneously with hapten solution and measured 24 hr later. 
(B) Histopathological grading of edema. (C) Histopathological grading 
of cellular infiltrate. Closed bars indicate the baseline ear thickness 
(A) and histopathological grading (B and C) of naive control animals. 
(D-F) Histopathology of DTH reaction in the ear. (D) Naive wild-type 
mice (Ctrl) were unremarkable. (E) Sensitized wild-type mice (+/+) with 
lesions characterized by marked dermal edema and cellular infiltrate 
and with discrete microabscesses (arrow). (F) Histopathologic 
changes in sensitized RelB-deficient animals were less severe as com- 
pared with sensitized wild-type mice. Sections were graded for severity 
of edema and cellular infiltrate without knowledge of treatment group 
as follows: 0, none; 1, minimal; 2, mild; 3, moderate; and 4, marked. 
Scale bar, 500 Hm. 
cell population with MIDC-8 was only slightly reduced in 
10-day-old relB ~/- animals (data not shown). However, in 
relB -/- mice 3 weeks or older, MIDC-8-positive cells in the 
thymic medulla were decreased as compared with wild- 
type littermates (Figure 5B). Decreased staining with the 
M342 antibody was also observed (Figure 5C). These re- 
sults indicate a significantly reduced population of antigen- 
presenting medullary dendritic cells in relB -/- animals. 
Impaired Cell.Mediated Immune Response 
in RelB-Deficient Mice 
Contact sensitivity is thought to be a manifestation of an 
intact cell-mediated immune response and, as such, is the 
result of the in vivo function of antigen-specific CD4 + T 
cells. Antigen-presenting epidermal dendritic (Langer- 
hans) cells initiate sensitization to haptens by presenting 
antigens to CD4-bearing T lymphocytes that, in turn, re- 
cruit other cells to the site of the reaction (for review see 
in Muller et al., 1992). To analyze whether relB -/- mice 
show a normal delayed-type hypersensitive (DTH) reac- 
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tion, the skin of their abdomens was exposed to a hapten. 
After the afferent phase, the ear was treated epicuta- 
neously with the hapten solution, and the ear thickness 
was measured after 24 hr. Naive wild-type (control) mice 
that were not sensitized had only a very mild increase in 
ear thickness, whereas sensitized wild-type mice re- 
sponded strongly to the exogenous antigen. In contrast, 
RelB-deficient animals had a weak response (Figure 6A). 
Histological examination of representative ar sections 
showed that naive wild-type (control) mice that were not 
sensitized had minimal histopathologic hanges (Figures 
6B-6D), whereas the ear lesions in sensitized wild-type 
mice showed a moderate to marked dermal edema, a mod- 
erate to marked cellular infiltrate, and multifocal microab- 
scesses consisting of discrete neutrophil aggregates 
within the epidermis (Figures 6B, 6C, and 6E). In contrast, 
the edema and cellular infiltrate in sensitized RelB- 
deficient animals was markedly reduced (Figures 6B, 6C, 
and 6F), although there was pronounced interanimal varia- 
tion (Figures 6B and 6C). The results of this DTH experi- 
ment strongly suggest an impaired cell-mediated immune 
response in relB -~- mice. 
Discussion 
We have demonstrated that re lB -~- rnutant mice displayed, 
as early as 8-10 days after birth, a complex phenotype 
including thymic atrophy with a reduction of medullary 
dendritic cells, impaired cellular immunity, splenomegaly 
due to extramedullary hematopoiesis, myeloid hyperpla- 
sia in the bone marrow, and multifocal inflammatory cell 
infiltration in several organs. In some animals older than 
3 weeks, the infiltrates resulted in organ compromise and 
failure, leading to premature death. The histopathology 
results and the onset of the phenotype correlated well with 
the spatial and temporal pattern of RelB expression (Car- 
rasco et al., 1993; Weih et al., 1994). Thus, disruption of 
the re lB locus resulted in severe pathology associated with 
dysfunction of the hematopoietic system and inflammatory 
response. 
Hematopoiesis in RelB-Deficient Mice 
T and B cell subsets in thymus, spleen, and bone marrow 
of RelB-deficient mice were within normal limits by flow 
cytometric analysis, indicating that RelB is not essential for 
normal lymphoid development. The absence of recurrent 
infection by encapsulated bacteria suggests that the mu- 
tant mice can mount an immune response and that there 
is no major alteration in the B cell compartment. However, 
the thymic atrophy and the mild depletion of T cells in 
spleen and lymph nodes, together with the impaired DTH 
response observed in RelB-deficient mice, strongly sug- 
gest an impaired T cell-mediated immune function. 
High numbers of myeloid cells, mainly neutrophils, were 
identified by histological methods and by flow cytometry 
in the spleen of re lB  -~- animals. This phenotype most likely 
was related to the prominent myeloid hyperplasia estab- 
lished earlier in the bone marrow. Strongly enhanced my- 
elopoiesis correlated with a marked reduction of erythroid 
precursor cells in the bone marrow of mutant animals, 
leading to extramedullary erythropoiesis initially in the si- 
nusoidal areas of the liver (10-day-old animals) followed 
by the red pulp of the spleen (20 days and older). Anemia 
was not observed by routine hematologic analyses, indi- 
cating that the extramedullary hematopoiesis fully com- 
pensated for the impaired erythropoiesis in the bone 
marrow. 
Though it has recently been reported that granulocytes, 
macrophages, and interdigitating dendritic ells arise from 
a common progenitor in mouse bone marrow (Inaba et 
al., 1993), we have been unable to detect significant RelB 
expression in macrophages and neutrophi{s in bone mar- 
row cytospins from wild-type mice (data not shown). Al- 
though the exact cell type(s) that expresses RelB in bone 
marrow has to be determined, stromal cells are possible 
candidates, and, therefore, a potential defect in these cells 
due to the lack of RelB may result secondarily in deregu- 
lated myeloid development and imbalanced bone marrow 
hematopoiesis as observed in re lB -/- animals. Further 
studies, including bone marrow transplantation experi- 
ments, will address these questions. 
Targeted Disruption of relB Leads 
to Multiorgan Inflammation 
Inflammatory cell infiltrates were observed in many organs 
of adult relB -/- mice, whereas only the lung, liver, and 
lymphoid tissues were affected in young animals (8-12 
days). The perivascular infiltrates in the lung and the peri- 
portal infiltrates in the liver are the topographical sites for 
initial antigen exposure; therefore, the inflammatory infil- 
trates observed in neonatal relB -/- animals in this study 
may represent an excessive response to innocuous anti- 
gens. A similar pathogenic mechanism has been pro- 
posed to explain the exaggerated inflammatory response 
in interleukin-2 (IL-2)-, IL-10-, and granulocyte-macro- 
phage colony-stimulating factor (GM-CSF)-deficient mice 
(Ki3hn et al., 1993; Sadlack et al., 1993; Dranoff et al., 
1994). 
We observed increased expression of interferon-y 
(IFNy), tumor necrosis factor (~ (TNF~), IL-1, and IL-2, cy- 
tokines that promote inflammatory-type effector function 
(data not shown). 'The effector molecules resulting from 
increased levels of these inflammatory cytokines may also 
contribute to tissue injury (for reviews see Mosmann and 
Coffman, 1989; O'Garra and Murphy, 1993). TNFct, IFNy, 
and IL-1 also increase expression of adhesion molecules, 
including intercellular adhesion molecule 1, vascular ad- 
hesion molecule 1, and endothelial leukocyte adhesion 
molecule 1 on endothelial cells, which could facilitate the 
homing of lymphocytes to sites of inflammation (Issekutz, 
1992). 
Recently, multifocal inflammatory disease has also 
been described in mice with a targeted disruption of the 
transforming growth factor 131 (TGFI31) gene (Shull et al., 
1992; Kulkarni et al., 1993). TGF131 mRNA levels, how- 
ever, were not altered in spleen, liver, and lung of 12-day- 
old mutant re lB -/- animals when compared with control 
littermates. On the other hand, bone marrow-derived epi- 
dermal dendritic cells express high levels of TGFi31 
(Gruschwitz and Hornstein, 1992), and since we found a 
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reduction in the dendritic cell population in RelB-deficient 
mice, it is tempting to speculate that the inflammatory phe- 
notype in these two mouse lines might be due to a similar 
cellular defect. Further studies are required to clarify this 
point. 
RelB Function 
Members of the NF-KB/Rel family have different emporal 
and spatial patterns of expression in lymphoid tissues, 
suggesting distinct biological roles (Carrasco et al., 1993, 
1994; Liou et al., 1994; Weih et al., 1994). In thymus and 
spleen, p50-RelB and p52-RelB heterodimers are major 
contributors to the overall KB-binding activity, whereas 
only a small fraction corresponds to RelA-containing com- 
plexes. We and others therefore proposed that RelB het- 
erodimers are constitutively active in thymus and spleen 
and accordingly may play an important role in the constitu- 
tive expression of ~B-regulated genes (Lernbecher et al., 
1994; Weih et al., 1994). In addition, binding of RelB het- 
erodimers to KB sites has been correlated with the consti- 
tutive expression of a KB-regulated transgene in lymphoid 
tissues, whereas induced binding of p50-RelA heterodim- 
ers correlates with TNF~-activated expression of the 
transgene in fibroblasts (Lernbecher et al., 1993; data not 
shown). These results suggest that, in contrast with RelB 
heterodimers, RelA complexes are more likely involved in 
the rapid transcriptional induction of genes in response 
to stimuli. The induced expression of "classical" NF-KB/ 
Rel-reguiated genes such as IFNT, TNF~, and IL-2 in liver 
and lung of RelB-deficient mice suggests that RelB com- 
plexes do not play a major role in the regulation of these 
genes. 
The target genes that are transcriptionally regulated by 
RelB in vivo are yet unknown. However, its possible impli- 
cation in the constitutive expression of KB-containing 
genes correlates with our finding that the disruption of this 
"housekeeping" function in RelB-expressing cells results 
in a phenotype that is already evident in the unchallenged 
animal. In contrast with RelB-deficient animals, mice with 
a targeted disruption of the p50 subunit of NF-KB had no 
histopathological abnormalities in lymphoid tissues and 
other organs (Sha et al., 1995 [this issue of Cell]). However, 
they had defects in acute-phase and lymphocyte re- 
sponses after challenge with both specific and nonspecific 
antigens. These findings indicate that p50-containing 
complexes are not essential for normal mouse develop- 
ment before and after birth, but instead function as rapid 
mediators of acute and immune responses. RelB forms 
transcriptionally active complexes with p50 and p52 but 
does not homodimerize or heterodimerize with RelA and 
c-Rel (Ryseck et al., 1992; Dobrzanski et al., 1993, 1994). 
Thus, the difference in the phenotype between p50- and 
ReIB-deficient mice suggests an important role for p52 
in the development of the pathology observed in relB -l- 
animals. Indeed, nfkb2 and relB are coexpressed in the 
same regions of the lymphoid tissues analyzed, and p52- 
RelB heterodimers were demonstrated in both thymus and 
spleen (Weih et al., 1994). Targeted disruption of the p52 
subunit, as well as mice deficient in both p50 and RelB, will 
be crucial to dissect the individual roles of these N F-KB/Rel 
family members. 
In contact hypersensitivity experiments, it has been 
shown that dendritic (Langerhans) cells migrate to the re- 
gional lymph node, where they present the hapten, and 
they recruit and activate antigen-specific T cells to the in- 
volved skin. These activated T cells may be responsible for 
the ear-swelling response in mice and contact dermatitis in 
humans (for review see Muller et al., 1992). We did not 
detect significant levels of RelB expression in the epider- 
mis of the skin in immunohistochemical studies. However, 
RelB-expressing cells were found in the paracortex of 
lymph nodes, an area where T cells and interdigitating 
dendritic cells are largely confined (Carrasco et al., 1993; 
data not shown). Consequently, RelB may play a role in 
the presentation of antigens and clonal activation of T cells 
in secondary lymphoid organs, rather than in picking up 
and processing antigen in immature dendritic cells, such 
as Langerhans cells in the skin. 
The relB -/- mice are a valuable system to study dendritic 
cell function and the potential role of these cells in the 
phenotype of the mutant animals. The pathological 
changes observed in relB -/- mice may be a useful model 
for human immune and inflammatory disorders. 
Experimental Procedures 
Targeting Vector pPNSrelB 
To generate the targeting vector pPNSrelB for positive-negative selec- 
tion, we screened a genomic library (cloned in ;~DASH II from Stra- 
tagene) prepared from D3 ES cell DNA with a full-length mouse re/B 
cDNA probe (Ryseck et al., 1992). Two overlapping phages covering 
the entire re/B locus were isolated. An XbaI-Sall fragment encoding 
sequences from intron II to exon VII (R.-P. R., unpublished ata) was 
inserted into pGEM7tk. The resulting plasmid contained 11.2 kb re/B 
genomic sequences flanked at the 3' end by the phosphoglycerate 
kinase (PGK) promoter driving the herpes simplex virus thymidine 
kinase gane (2.8 kb PGK-tk cassette), which was used for negative 
selection of cells carrying nonhomologous recombinations (Mansour 
et al., 1988). After digestion with Sacll and Ascl, resulting in a 500 bp 
deletion in exon IV at the beginning of the DNA-binding subdomain 
of the Rel homology domain, a PG K-neo cassette (McBurnay et al., 
1991) was inserted, flanked by Sacll and Ascl linker sequences in the 
opposite transcriptional orientation with respect o the re/B fragment, 
creating pPNSrelB (Figure 1A). The 7.2 kb long arm of pPNSrelB was 
located 5' to the PGK-neo cassette and contained exon III and part 
of exon IV, whereas the short arm was 3.6 kb long and comprised 
exons V and VI and part of exon VII. Further details are available on 
request. 
Transfection of ES Cells and Blastocyst Injection 
D3 ES cells (Doetschman et al., 1987) were essentially cultured as 
described (Wurst and Joyner, 1993), ES cells were electroporated with 
25 I~g of Xbal-linearized pPNSreIB per 107 cells using a Bio-Rad gene 
pulser and grown under double selection as described. Surviving colo- 
nies were picked and expanded for DNA analysis. Approximately 20 
ES cells were injected into C57BL/6 blastocysts, which were trans- 
ferred into the uterus of pseudopregnant ICR females (Wurst and 
Joyner, 1993), Resulting male chimeras were mated to C57BL/6 fe- 
males, and heterozygous offsprings were then interbred, 
Southern Blot Analysis 
DNAs from individual double-resistant ES cell clones were prepared 
according to the method of Laird et al. (1991), digested overnight with 
BamHI, and separated in 0.8% agarose gels. Southern blots were 
performed as described (Sambrook et al., 1989). Screening strategy 
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is illustrated in Figure 1A. Southern blots of offspring derived from 
heterozygote intercrosses using probe SM592 were done as described 
above. Tail DNA was prepared as described (Laird et al., 1991). 
Protein Extracts, Western Blotting, and EMSAs 
Whole-cell extracts from 6-week-old mous~ thymus and spleen were 
prepared as described (Lernbecher et al., 1993). Western blotting was 
performed as previously described (Weih et al., 1994). The oligodeoxy- 
nucleotidas, corresponding to the KB-binding sites of the HIV long 
terminal repeat and the mouse immunoglobulin ~: enhancer, used in 
these assays have been described previously (Ryseck et al., 1992; 
Dobrzanski et al., 1993), ~<B-binding activity was analyzed in EMSAs 
as previously described (Weih et al., 1994). 
Histopathology and Immunohistochemistry 
Histopathological analyses were performed on a minimum of three 
animals per age group and genotype. Mice were sacrificed, and tissues 
were immersion fixed in 10% buffered formalin. Tissues were embed- 
ded in paraffin blocks and processed by routine methods, sectioned 
at 4-6 ~m thicknesses, stained with hematoxylin and eosin, and exam- 
ined by light microscopy. Immunohistochemistry was performed as 
previously described (Carrasco et al., 1993). Thymus sections were 
incubated with monoclonal antibodies MIDC-8 (1:50 dilution; Serotec) 
or M342 (1:2 dilution; Agger et al., 1992) in 10% nonimmune goat 
serum overnight at 4°C. Sections were fJrther processed using the 
histostain system from Zymed Laboratoriss. 
Flow Cytometry 
Flow cytometry was done using a Coulter Epics Profile II flow cytometer 
and cell sorter. Thymocytes, splenocytes, and bone marrow cells were 
prepared according to standard procedures (Coligan et al., 1992), and 
106 cells per reaction were incubated with antibodies (1 ~.g each) for 
30 min on ice, spun, washed with 2% fetal calf serum in PBS, and 
resuspended in 250 ~.1 of the same solution. Anti-mouse CD3, CD4, 
CD8, CD43, and CD45R/B226 antibodies were obtained from GIBCO 
BRL; anti-mouse Thyl.2, TCRcq3, IgM, Mac-l, and Gr-1 antibodies 
were from PharMingen. An average of 10 ~ cells was recorded in each 
case. 
DTH Reaction 
Mice were treated as previously described (Coligan et al., 1992). For 
histological analysis, ears were processed as described above. 
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